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Nonlinear switching in a concentric ring core chalcogenide glass optical fiber for
passively mode-locking a fiber laser
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We propose an all-fiber mode-locking device which operates based on nonlinear switching in a novel
concentric ring core fiber structure. The design is particularly attractive given the ease of fabrication
and coupling to other components in a mode-locked fiber laser cavity. The nonlinear switching in
this coupler is studied and the relative power transmission is obtained. The analysis shows that this
nonlinear switch is practical for mode-locking fiber lasers and is forgiving to fabrication errors.
Optical pulse formation in passively mode-locked lasers
is achieved by employing a nonlinear optical device, re-
ferred to as a saturable absorber (SA). These devices
provide intensity discrimination inside the laser cavity,
which leads to the suppression of continuous-wave lasing
and generation of optical pulse trains. Common fiber-
integrable SAs have deficiencies such as long term re-
liability, thermal issues, and sensitivity to environmen-
tal perturbations, which limit their usefulness for mode-
locked fiber laser applications. Also, common SAs have
become a limiting factor in boosting up the pulse energy
and peak power of mode-locked lasers to higher values.
Hence, there is a strong need to develop robust alterna-
tive mode-locking techniques.
Recently nonlinear mode-coupling in waveguide ar-
rays and multi-core fibers [1–4] and also nonlinear multi-
modal interference in graded-index multimode fibers [5]
have been introduced as alternative techniques that ad-
dress most of the limitations faced by common SAs. In
Ref. [6] we compared the nonlinear switching behavior
in multi-core versus multi-mode fibers and showed that
a much higher switching power is required in the latter
case, due to the large difference in the propagation con-
stant of the modes. This feature makes multi-mode fiber
couplers potential mode-locking devices for future high
peak power lasers. For lower peak powers, as is the case
in most present day mode-locked fiber lasers, it is pre-
ferred to use multi-core couplers.
Our recent study on multi-core fiber array couplers
showed that going from a two-core fiber geometry to a
higher number of cores does not improve the nonlinear
switching performance of the device considerably, if any
at all [7]. Hence, according to our studies, a two-core
fiber coupler with optimized parameters is the optimum
solution to achieve an all-fiber mode-locking device.
In this paper, we propose a novel concentric ring core
(CRC) fiber geometry as a mode-locking device. This
fiber has two concentric cores composed of a circular
core located at the center of the fiber and a ring core
placed around the central core, as shown in Fig. 1. The
main reason for choosing this geometry is its simple fab-
rication process. Given that conventional fibers are fab-
ricated radially, maintaining the sensitive specifications
of this fiber during the drawing process is easier than
non-concentric conventional two-core fibers. Another re-
lated reason is that aligning the central core of this fiber
with the single mode fibers (SMFs) in the laser cavity
is much easier and more robust compared with conven-
tional two-core geometries, especially in the presence of
the inevitable variations in the fiber geometry due to the
fabrication and drawing process.
FIG. 1: Cross sectional view of the fiber structure. The cores
are identified with a darker shade.
In this Letter, the parameters of this two-core fiber
mode-locking device are designed and the nonlinear prop-
agation of a pulse in this coupler is analyzed. To lower
the required switching power, it would be preferred to
build the coupler from a fiber with a higher nonlinearity
compared to silica [8]. Chalcogenide glass is a suitable
candidate because it has a nonlinear coefficient up to 1000
times larger than silica [9, 10].
The all-fiber mode-locking device is shown in Fig. 2,
where the beam is injected into the CRC fiber coupler
using an input SMF and is collected at the output from
another SMF. The injected beam from the input SMF is
in the form of an azimuthal symmetric nearly Gaussian
beam, so by centrally aligning the core of the input SMF
with the central core of the CRC coupler, only zero angu-
lar momentum modes will be excited in the coupler [11].
For low input optical powers launched into the nonlinear
FIG. 2: An all-fiber nonlinear switching device composed of
a CRC coupler placed in between two SMFs.
coupler, optical power is periodically exchanged among
the two cores because of their modal overlap. This linear
2coupling is most efficient when the propagating modes
have identical propagation constants [12]. Therefore, to
achieve maximum linear coupling, the size of each core
and the separation among them are designed such that
the propagation constant of the two propagating modes
are identical. For high input optical powers, nonlinear
effects arise and alter the refractive index of each waveg-
uide. This will detune the effective propagation constants
of the modes and will consequently reduce the power ex-
change efficiency between the cores, which means light
will be mainly preserved in the launch core [13]. Hence,
if an optical pulse is transmitted through a fiber cou-
pler with a length equal to the coupler’s half-beat-length,
its low intensity tails will be efficiently “linearly” cou-
pled to the adjacent core, while its high intensity center
peak will remain in the launch core [14]. If only the
light in the launch core is collected at the output, the
required power-dependent transmission for mode-locking
is obtained [1, 2].
The fiber profile is designed such that it supports only
two zero-angular momentum guided modes referred to as
the first and second order guided supermodes. The elec-
tric field in the CRC can be expressed as the summation
of these guided modes as
E(x, y, z, t) =
∑
µ=1,2
Aµ(z, t)Fµ(x, y)e
i(ω0t−β0,µz), (1)
where Aµ(z, t) is the slowly varying envelope of the elec-
tric field of the µth mode with the normalized spatial
distribution Fµ(x, y) and propagation constant β0,µ. The
generalized nonlinear Schro¨dinger equation (GNLSE) de-
scribing the longitudinal evolution of the pulse in this
fiber coupler can be written as [15, 16]
∂Aµ
∂z
= i δβ0,µAµ − δβ1,µ
∂Aµ
∂t
− i
β2,µ
2
∂2Aµ
∂t2
+ i(
n2ω0
c
)
∑
ν,κ,ρ=1,2
fµνκρAνAκA
∗
ρ, µ = 1, 2,
(2)
The indices can take the value of 1 or 2 corresponding
to first and second order modes. β1,µ is the group delay
per unit length, and β2,µ is the group velocity dispersion
(GVD) parameter of the µth mode. We define δβ0,1 =
−δβ0,2 = β0,1 − β0,ref and δβ1,1 = −δβ1,2 = β1,1 − β1,ref ,
where βi,ref = (βi,1+βi,2)/2 for i= 0,1. n2 is the nonlinear
index coefficient and ω0 is the carrier frequency. The
nonlinear coupling coefficients are given by
fµνκρ =
∫∫
dxdyF ∗µFνFκF
∗
ρ , (3)
where the mutually orthogonal spatial profiles are as-
sumed to be normalized according to
∫∫
F 21 dxdy =∫∫
F 22 dxdy = 1. The spatial mode profiles of the su-
permodes of the CRC coupler, F1 and F2, and also that
of the center core, Fc, were found using the finite element
method [17] and are shown in Fig. 3. Fc is calculated for
FIG. 3: The normalized spatial mode profile of the first or-
der (solid black), second order (dashed red) and center core
(dotted blue) modes of the CRC fiber are displayed.
the central core in the absence of the outer ring. The
beam is launched into and collected from the center core
of the CRC fiber coupler. The transmittance is defined
as the energy at the output of the center core divided by
the total energy injected into the coupler, given by
τ =
∫ +∞
−∞
|Ac(Lc, t)|
2dt∫ +∞
−∞
(|A1(0, t)|2 + |A2(0, t)|2)dt
, (4)
where Ac is the field amplitude of the center core, defined
as
Ac(z, t) = A1(z, t)
∫∫
F ∗c F1dxdy
+A2(z, t)
∫∫
F ∗c F2dxdy, (5)
The refractive index of both cores is nco = 2.8035,
while that of the cladding is ncl = 2.8. The center core
has a radius of r1 = 4.1 µm, the inner radius of the ring
is r2 = 8.2 µm while its width is w2 = 3.94 µm. The non-
linear refractive index is n2 = 0.9×10
−17 m2/W and the
operating wavelength is considered λ0 = 1550 nm [18].
With these parameters, each individual core supports
only one zero angular momentum mode. It should be
pointed out that in order to minimize the splicing loss
between the cavity SMFs and the CRC, the dimensions
and numerical aperture of the center core are similar to
that of the two SMFs. The length of the coupler is
1.75 mm, which is equal to the half-beat-length of the
coupler, given by Lc = pi/(2C), where C = δβ0,1 is
the linear coupling coefficient among the two modes [12].
It should be noted that at the considered wavelength,
the particular chalcogenide glass that we have consid-
ered here has a negative dispersion parameter equal to
D = −504 ps/nm/km [18], and thus operates in the nor-
mal dispersion regime.
We assume that a hyperbolic secant optical pulse with
a pulse width of t0 is launched into the nonlinear cou-
pler through the input SMF; the nearly Gaussian spa-
tial mode profile of the input beam with a temporal
3power profile of Pc(t) excites the supermodes of the CRC
fiber with power profiles P1(t) and P2(t) with normal-
ized peak powers p1 and p2, respectively, where it can
be shown p1 + p2 ≈ 1. The normalized peak excitation
power of each supermode at the CRC input facet is cal-
culated using the overlap integral of the input beam and
that particular supermode, where in this case is found
to be p1 = 62.3% and p2 = 37.6%. While Fig. 4 dis-
plays the normalized power profiles of the supermodes
and also that of the central core at the CRC fiber input
facet, Fig. 5 shows how the pulse shape will look like at
the output of the CRC as a function of the input pump
power.
FIG. 4: The normalized excited power of the first (solid black)
and second (dashed red) order supermodes and the normal-
ized power launched in the center core (dotted blue) at the
input facet of the CRC fiber.
FIG. 5: The normalized pulse power at the output of the cen-
ter core for different input peak powers (units are KW) when
the pulse width is t0 = 0.1 ps. For low input powers, most of
the pulse energy is transferred to the ring core, whereas for
higher input powers the majority of the pulse energy remains
in the center core.
We have applied split step Fourier method [19] to solve
Eq. 2 and analyze the propagation of the pulse inside
the nonlinear coupler. For low powers, the CRC fiber
operates similar to a linear directional coupler at half-
beat-length and most of the pulse energy is transferred
to the ring core. For intense pulses, the central portion of
the pulse remains in the central waveguide while the low
intensity wings of the pulse are transferred to the ring
core. In Fig. 5 the output of the center core is shown
for different input peak powers, for the case where the
input pulse has a width of t0 = 0.1 ps. As the input
peak power is increased, nonlinear terms also become
larger and because of the large amount of the induced
frequency chirp imposed on the pulse due to self-phase
modulation, even weak dispersive effects lead to signifi-
cant pulse shaping [19]. This feature can be observed in
Fig. 5, where for an input peak power of Pin = 8 KW the
output pulse will be in the form of a rectangular-shaped
pulse with relatively sharp leading and trailing edges.
Fig. 6 displays the relative power transmission as a
function of the input peak power for various input pulse
durations. It can be observed that a higher input power
is required to switch the output from τmin to τmax as the
duration of the pulse gets shorter. Also the maximum
transmission decreases as the pulse duration is shortened;
for the continuous wave (CW) input τmax = 1, while it
drops to τmax ≈ 0.8 for t0 = 0.1 ps. The reason is that
the dispersion effects become more significant for short
pulse widths, and the resultant pulse broadening prevents
complete power transfer.
FIG. 6: The relative power transmission is plotted as a func-
tion of the input peak power for different pulse widths.
During the fabrication process, random core diameter
fluctuations will be inevitable; to estimate the effect of
these possible variations on the coupler’s transmission,
we altered the core sizes and calculated the relative power
transmission. r′1 and w
′
2 are defined as the radius and
width of the center and ring core after considering the
size changes, respectively, and ∆ = (r′1 − r1)/r1 = (w
′
2 −
w2)/w2 = ±2% is the amount of the considered core
size variations. The obtained results which are displayed
in Fig. 7 show that possible variations in the core sizes
do not affect the transmittance of the nonlinear coupler
significantly, making the proposed configuration a robust
and stable mode-locking element.
In summary, we have proposed a novel concentric ring
core fiber structure made of chalcogenide glass to be
used as an all-fiber mode-locking element. The nonlin-
4FIG. 7: The relative power transmission is plotted as a func-
tion of the input peak power for no changes (solid black), 2%
increase (dashed red) and 2% decrease (dotted red) in the size
of the core radii when the pulse width is t0 = 0.1 ps
ear switching behavior of this coupler is analyzed using
the supermodes of the waveguide. The chalcogenide glass
has a large chromatic dispersion. In order to avoid sub-
stantial pulse broadening due to dispersion, the length
of the coupler (half-beat-length) should be reduced as
much as possible. This in turn can be achieved by reduc-
ing the separation between the central core and the ring
core and increasing the coupling between cores. On the
other hand, increasing the coupling between the cores in-
creases the switching power, which may not be desirable.
Therefore, the optimal design is a compromise between
the pulse broadening and switching power. The pulse
broadening and switching power can also be modified by
changing the geometrical parameters and glass composi-
tions. The switching power is slightly over 4 KW in the
present structure.
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